had a congenital cataract couched and 1 of 57 who had lens extraction with iridectomy-it is specifically stated that chloroform was not used. One cataract patient had a weak heart, and it was thought unsafe to push the anesthetic to the point where the orbicularis muscle relaxed; Mr. Power consequently made his incision downwards. "The entire operation was satisfactorily performed."
However much has changed in the practice of ophthalmology during the past eighty years there are some things which are and always will be the same. The last clinical note in this book reads as foUlows:
"21st March 1871. The yellow ointment produced great pain and irritation. To be left off." I would like to acknowledge the assistance received in preparing this paper from Mr. Sheridan Lefanu, Librarian of the Royal College of Surgeons, from Air Vice-Marshal D'Arcy Power, and from my old teacher, predecessor and friend, Mr. R. R. James.
Leonardo da Vinci on Vision By K. D. KEELE, M.D., F.R.C.P.
LEONARDO'S interest in light and vision was primarily that of an artist for whom accurate observation was a passion. And in this connexion it may be recalled that it was the artists, not the philosophers of the Renaissance who introduced the accurate observation necessary for the foundation of such sciences as anatomy.
The eye had been frequently studied before him. Alcmaeon, Democritus, Plato and Aristotle had all advanced theories of vision. Of these Plato's remained the most popular in that it combined the two main antagonistic theories, one that vision resulted from images entering the eye; the other that a stream flowed from the eye to the object like a lantern beam. Herophilus of Alexandria, about 300 B.C., had described the anatomy of the eyeball, optic nerve and retina; Galen had accepted most of this anatomy and located the visual faculty in the lens in the centre of the eye.
Aristotle's theory of vision points out the importance of the medium connecting the eye and object, emphasizing that since this might consist of air, water or other substances like glass, &c., all these must have the property of translucency, possessed by a substance itself permeating all such media; this he called the diaphanous-a precursor of Newton's ether. Upon this diaphanous were impressed those images which, entering the eye, produced vision. There was no necessity therefore for visual emanations. Uintil Leonardo's time all had agreed that light or the power of vision flowed in corpuscular streams. With Leonardo a wave conception of light was launched in the following words: "Just as the stone thrown into water becomes the centre and cause of various circles, and sound made in the air spreads out in circles, so every body placed within the luminous air spreads itself out in circles and fills the surrounding parts with an infinite number of images of itself, and appears all in all and all in each part." (A.lOr.) Leonardo uses the Aristotelian term "species" and the Aristotelian concepts of light, allowing the emanation theory only for the "beguiling power of a maiden's eyes". "The senses when they received the species of things do not send forth from themselves any power, but the air between the object and the sense incorporates in itself the species of things and by contact with the sense presents them to it." (C.A.90.) By this theory the air in daylight is filled with the images of things radiating and intersecting in straight lines, along which the species or images enter the eye; taking the shortest course in accordance with Aristotle's law that every natural action is performed in the shortest way.
Both the laws of reflection of light, and the existence, though not the laws of, refraction were known to Leonardo from the writings of the Arab physicist Alhazen of the eleventh century.
Thus when he comes to make a schematic drawing of the eye the rays are shown refracted according to the rule "the rays of the images approach the perpendicular when they pass from the thin to the dense". That Leonardo did not fathom the underlying laws of refraction in different media is not surprising when it is realized that though so firmly believing "in the certainty of mathematics" he himself was acquainted with little arithmetic, and knew no algebra, or trigonometry.
Leonardo's approach to the study of the anatomy of the eyeball was typically ingenious-"in the anatomy of the eye, in order to be able to see the inside well without spilling its humour, you should place the complete eye in white of egg and boil it until it becomes solid, cutting the egg and the eye transversely so that no part of the middle portion is poured out". (K.1 19.) This is one of the earliest examples of the technique of imbedding tissue for sectioncutting. But unfortunately it does not seem to have been a great success, for Leonardo, like those before him, still found the lens to be a round object in the centre of the eye. Indeed this may have resulted from the very ingenuity of the method, for according to A.rgentieri if the lens is boiled it will always appear round, and in the dead eye it always drops away from the iris.
In the descriptions of the eyeball by Galen and Avicenna, the membranes of the brain surrounding the optic nerve expand to enclose the humours and contents of the eye, and so form the coats of the eyeball.
Leonardo preserves this general plan but shows little interest in the various coats; most of his diagrams focus on the cornea, pupil, lens and optic nerve. In all his figures the paths of light rays are shown crossing once behind the pupil whence they pass into the lens; there they cross once more, to impinge on the optic nerve (Fig. 1 ). (Leonardo wrote left handed and mirrorwise, that is, right to left, this explains the unusual lettering of some of the illustrations.)
Thus, according to Leonardo, there is an inversion of the image in front of the lens, and a second inversion within the lens, so that the final upright image is presented to the end of the optic nerve, where he considered lay the faculty of vision.
Erroneous as this thesis is he founds it on a number of observations and experiments, all of which are governed by the necessity, as he calls it, for two intersections in order that the final image shall be upright. It was inconceivable to Leonardo that the image carried by the optic nerve should be inverted.
His most ambitious experiment consists of constructing an artificial eye-out of a glass globe filled with water, within which is a smaller glass lens, attached to a kind of box (Fig. 2) .
The whole is fitted over the observer's head "as far as the eyes". The observer's eye is thus made to take the place of the optic nerve or "power of vision". "Such an instrument", he says, "will bring the species to the eye, just as the eye brings them to the visual power". (D3.3v) On the upper part of the page Leonardo draws the model, beneath which he draws the w passage of the main light rays, noting that the power of vision lies in the optic nerve behind, and pointing out the necessity for two intersections of the rays. A second modification of this method of studying the path of the light rays involves placing the eye in a square box with an aperture representing the pupil, behind which is a glass ball representing the lens. Again, the position of the optic nerve is occupied by a human eye. Here we begin to see how closely Leonardo's study of the eye was linked to his discovery of the camera obscura. This is most clearly illustrated in a page of manuscript (D.8r) where the passage of light rays through the cornea, pupil and lens is represented at the top whilst below is the comparable scheme in a camera obscura with a sheet of paper inserted like a film to pick up the reversed image from without. The first clear description of the camera obscura is written on this page in the following words: "Experience which shows that objects transmit their images or likeness intersected within the eye in the albugineous humour, shows what happens when the images of the illuminated objects penetrate through some small round hole into a dark habitation.
Youwill then receive these images on a sheet of white paper inside this habitation somewhat near to this small hole, and you will see all the aforesaid objects on this paper with their true shapes and colours, but they will be less, and they will be upside down because of the said intersection.
"The images if they proceed from a place that is lit by the sun will actually seem painted on this paper, which should be very thin and seen in reverse, and the said hole should be made in a very thin sheet of iron. Let a, b, c, d, e, be the said objects lit by the sun (Fig. 3) , o, x, be the front of the dark habitation in which is the said hole at n, m; s, t, the said paper where the rays of the images of these objects inverted are cut, for as their-rays are straight, a, which is right becomes left at k, and e, which is left becomes right at f, and so it is within the pupil." (D.8r.)
Leonardo uses the word "luce" at times to describe the aperture in the iris; at other times the word includes the whole system of cornea and iris, with its aperture the pupil. "Nature has made the surface of the pupil situated in the eye convex in form so that surrounding objects may imprint their images at greater angles than could happen if the eye were flat." (D.lr.) This he verified by another experiment:
"In order to see what function the cornea has to the pupil, have a thing resembling this cornea made out of glass." Several such models are drawn, the most interesting of which also illustrates Leonardo's favourite procedure of looking at objects through a pinhole in a piece of paper, in order to isolate narrow beams of light. One of these is shown passing through the cornea and the pupil (Fig. 4 ).
Not content with this, he makes another model, large enough to look through-"if you take a half a ball of glass, fill it with water, and put it close to your face, you will see all the things that can be seen from the surface of the ball; in such a way you will be able to look straight at your own shoulders". (C.A.222r.) Thus he found that the visual field was greater than 180 degrees-an observation which he illustrated by several drawings.
He then points out that all images throughout this wide field of vision are not seen with equal clarity. Maximal precision he holds occurs with the beam that travels along the optical axis or "central line". The more a beam of light diverges from this the less clear the image. "The eye", he writes, "has only one central line, and all the things that come to the eye along this line are well seen. Around this line are infinite other lines which are so much less efficient as they are a greater distance from the central line." (Q.V.12v.)
In these words he accounts for the differences between central and peripheral vision.
The pupil itself received a great deal of attention from Leonardo. He was fascinated by its changes in size with light and darkness.
In the Forster Codex (1 58v) he describes how he noticed the pupil growing and shrinking "according to the brightness of its object" as a person emerged from darkness into light and vice versa. "This occurrence", he adds, "once deceived me in painting an eye; and that was how I learnt it." Leonardo described both photophobia and the reaction of the pupil to light in these words, "The eye which is used to darkness is hurt on suddenly beholding the light and therefore closes quickly being unable to endure the light. This is due to the fact that the pupil in order to recognize any object in the darkness to which it has grown accustomed increases in size employing all its force to transmit to the receptive part the image of things in shadow. And the light, suddenly penetrating, causes the large part of the pupil which was in darkness to be hurt by the radiance which bursts upon it ... and which seeks to maintain itself there, and will not quit its hold without inflicting injury to the eye. "The pain caused to the eye in shadow by the sudden light arises from sudden contraction of the pupil, which does not occur except as the result of the sudden contact and friction of the sensitive parts of the eye." (C.16r.)~~~~~~~~~~~~~~~~~~~~~~.
. ..,.
?
-: The fine adjustments of the pupil in both man and animals were studied, and a hypothesis of night vision devised The pupil of the eye changes to as many different sizes as there are differences in the degrees of brightness,.... Nature is here establishing a continual equilibrium perpetually adjusting and equalizing by making the pupil dilate or contract in proportion to the aforesaid brightness or obscurity which continually is presented to us. You will see the process in the case of noctural animals, like cats and owls, &c., which have a small pupil at midday and very large at nighth.. and if you wish to make the experiment with men, look intently at the pupil of the eye while you hold a lighted candle at a little distance and you will see that the nearer the light approaches to it the more the pupil will contract." (D 5vt) He accounts for the mght vision of owls on the basis of the size of their pupils-"Such a pupil (the owl's) increasing in the night-time a hundred times more than that of man, sees a hundred times more light than man so that the power of vision is not overcome by the darkness of night. And the pupil of man which only doubles its size, sees little light, and it is almost like that of a bat which does not fly in times of too much darkness". (An.B.1I 3v.) There can be no doubt that Leonardo appreciated the relation between light and the -size of the pupil-a discovery which is attributed to Della Porta. But his own keen vision failed to detect the changes of the pupil with accommodation. These were not to be described until the experiments of Schemner in 1631.
Leonardo had to wear glasses in his later years, and this may acceunt for the fact that with regard to errors of refraction he makes no mention of myopia but describes his own presbyopia at some length.
Alongside a diagram in CtAh244 rpap he writes on "A proof of the manner in which glasses aid sight" (Fig. 5) .
"Let a, b, be the glasses and c d the eyes, and suppose these to have grown old. Whereas they used to see an object at e with great ease by turning their axes very considerably from the line of the optic nerves, now by reason of age the power of bending has become weakened and consequently it cannot be twisted without causing great pain to the eyes, so that one is constrained of necessity to place the object further away, that is from e to f, so to see it better, but not in detail. But through the interposition of the spectacles the object is clearly discerned at the distance it was when the eyes were young, that is at e, and this comes about because the object e passes to the eye through various media namely rare and dense, the rare being the air that is between the spectacles and the object, and the dense being the thickness of the glass of the spectacles. Consequently the direction of the line of the rays bends in the thickness of the glass, and is twisted so that it sees the object at e, as though it were at f, with the advantage that the position of the eye with regard to its optic nerves is not strained, and by seeing it near at hand discerns it better at e than at f, especially as to the minute details." In this passage Leonardo indicated his belief that accommodation is achieved by binocular convergence-and that loss of this function underlies the presbyopia of old age. The optic nerve, chiasma and optic tract are all illustrated by Leonardo. In early figures the optic nerve and auditory nerve are drawn ending in the anterior of the three cerebral ventricles, which he represents in a manner showing his early dependence on ideas probably derived from Albertus Magnus (Fig. 6 ).
Later he injected the cerebral ventricles with wax and obtained a more accurate idea of their shape and position. The optic chiasma is now clearly illustrated and the optic tract is drawn ending below the middle of the 3rd ventricle (Fig. 7) .
Since the times of Posidonius about A.D. 300 the centre of sensation had been traditionally lodged in the anterior ventricle, to these accordingly Leonardo directs both the optic and auditory nerves in his early diagrams. Later he found that most of the sensory nerves appear to arise near the middle of 3rd ventricle and so he shifts the centre of sensation to this site.
The movements of the eye did not escape Leonardo's attention. "Why", he asks, "in The cerebral ventricles are now more accurately represented as a result of Leonardo's own wax casts of them. Comparison of these drawings with those in .~Fig. 6 reveals Leonardo's progress in anatomy. (Q.V.8r.) turning the eyes, is one drawn after the other." (B.21r.) "Search for the motor nerves of the eyes, and consider if the principal ones are four or less, because in the infinite movements of the eyes four nerves do all, since as you leave the jurisdiction of one, aid comes from the second, and so it continues." (Q.IV.11.)
The results of his search are illustrated in a masterly drawing of the optic chiasma, the motor nerves of the eye and ophthalmic branch of the trigeminal nerve (Fig. 8) Leonardo concluded by suggesting that the optic chiasma is responsible for parallel movement of the eyes:
"Make an anatomical section of the head at the eyebrows, in order to find 1&dp~~~~~,~~~~the cause of the equal movement of the eyes. This practically confirms that the cause lies in the intersection of the optic nerves." (C. -* e^G3j^F;*dflXJ^writes that the aim and design of ã .*tr '*T-t -a+<~painter "is to manage a plane surface, so that on it may appear a body raised and standing out from the said plane.
FIG . 8. -The nerves of the eye, and the optic And he who in this point surpasses the chiasma. In this anatomical study the oculomotor rest, is the person to whom the palm of nerve and ophthalmic division of the trigeminal are his profession is indisputably due." (Tr. easily identifiable; the IV and VI cranial nerves are of Painting p. 140.) also shown. (An.B.35r.) "Things seen with both eyes will seem rounder than those seen with one eye" he says (H.49r), in words descriptive of stereoscopic vision. Applying this rule to the difficulties of a painter he writes: "A painted figure must of necessity appear with less relief than a figure seen in a mirror (though both superficial) unless both be only viewed with a single eye"; the reason for which he explains at length by experiments described in the Treatise of Painting.
From his study of such factors he concludes: "The figures of any body will appear loosened from the painting, and standing out with a great relief when the ground they are painted on is diversified with bright and dark colours" (Tr. of Painting p. 59).
Here, very briefly, is the basis from which he developed that chiaroscuro style of painting for which Leonardo is most renowned; it was a method built up from his knowledge of optics and designed to obtain a stereoscopic effect on a plane surface-it was the first attempt at 3D effects in painting.
Leonardo as a man of the Renaissance devoted intense study to the subject of perspective.
"Perspective is a rational demonstration whereby experience confirms how all things transmit their images to the eye by pyramidal lines. Every bodily form as far as concerns the function of the eye is divided into three parts, namely substance, shape and colour. The image of the substance projects itself further from its source than its colour and shape, the colour also projects itself further than its shape. "Experience shows that if you see a man near at hand you will be able to recognize the character of the substance, of the shape and even of the colour; but if he goes some distance away from you, you will no longer be able to recognize who he is because his shape will lack character; and if he goes still further away you will not be able to distinguish his colour, but he will merely seem a dark body, and further away still he will seem a very small round dark body. He will appear round because distance diminishes the various parts so much as to leave nothing visible except the greater mass." (Ms. 2038 Bib. Nat. 12v.) Perspective, "the bridle and rudder of painting", as Leonardo calls it, "is nothing but seeing an object behind a sheet of smooth transparent glass, on the surface of which everything behind the glass may be drawn; these things approach the point of the eye in pyramids; and these pyramids cut the said glass". (A.l v.) Based on this definition he devised a practical method of drawing in perspective, described in detail in his Treatise of Painting, and illustrated in one of Albrecht Durer's woodcuts.
On a loose sheet in the Windsor Collection is a note of Leonardo entitled-"How the eye has no share in the creation of the colours of the rainbow". In it he describes how looking through a glass of water the colours of the rainbow may be seen. He is particularly concerned to show that this is not an optical illusion. "But if you place this glass full of water on the level of the window so that the sun's rays strike it on the opposite side, you will then see the aforesaid colours, producing-themselves in the impression made by the solar rays which have penetrated through this glass of water, and termiinated upon the floor in a dark place at the foot of the window: and since here the eye is not employed we clearly can say with certainty that these colours do not derive in any way from the eye." (Windsor Drawings 19150 r.) Here he has anticipated Newton in producing the spectrum from white light. But Leonardo's own remarks show little approach to any colour theory. "White is not a colour in itself but only a faculty or disposition to receive colour; the blue of the sky arises from its being a dense transparent body illumined by the sun and placed between the earth and the darkness of the upper regions." "And this may be seen as I myself saw it, by anyone who ascends Monte Rosa a peak of the chain of the Alps." Thus for Leonardo the blue of the sky is a "compound colour" formed of white and black. "The medium that is between the eye and the object seen, transforms this object to its own colour. So the blueness of the atmosphere causes the distant mountains to appear blue: red glass causes anything that the eye sees through it to seem red." (Trivulzio 70a.) Nevertheless Leonardo's observations were acknowledged by Goethe as vital to the development of his own Theory of Colours, and this still lives on in Hering's theory of colour vision in which opposite pairs of colours, including black and white, are fundamental.
Goethe's words to Eckermann on December 16, 1828, recall Leonardo's work on colour-"A short time ago I read in an English encyclopadia the doctrine of the origin of blue.
First came the correct view of Leonardo da Vinci, but then followed as quietly as possible the error of Newton, coupled with remarks that this was to be adhered to because it was the view generally adopted. There is little new to be discovered or expressed", adds Goethe. "Even my theory of colour is not entirely new. Plato, Leonardo da Vinci and many other excellent men have before me found and expressed the same thing in a detached form; my merit is that I have found it also, I have said it again." Leonardo himself found the eye, particularly the pupil, a miracle of Nature worthy of one of his few outbursts of admiration. "It must be that the images of our hemisphere enter and pass, together with those of all the heavenly bodies through the natural point in which they merge and become united (the pupil of the eye) ... whereby the image of the moon in the east and the image of the sun in the west at this natural point become united and blended together. . .. Who would believe that so small a space could contain the images of all the universe? 0 mighty process . . . what talent can avail to penetrate a nature such as this? What tongue will it be that can unfold so great a wonder? Truly none! This it is that guides human discourse to considering divine things; here the figures, here the colours, here all the images of every part of the universe are contracted to a point. 0 what point is so marvellous! (C. A.345v.b.) 
